Abstract: Background: Biomechanical stimulation enhances cell proliferation, cell differentiation and production of extracellular matrix. To what extent the gene expression of three articular cell types is affected by a defined biomechanical stimulus was examined in this study. Material and Methods: Fibrochondrocytes, articular chondrocytes and osteoblasts were obtained from tissues that were removed during total knee replacement surgery. Cells were seeded on BioFlex® culture plates for 3 days. Following 3 days biomechanical loading in form of continuous tensile strain was applied to the cells for 4 and 24 hours and gene expression was analyzed using real-time PCR.
Introduction
The knee joint is permanently exposed to mechanical stimuli; the effect of this biomechanical stimulation is essential for the homeostasis of all tissues of the knee joint. In this regard, physical therapy, and especially continous passive motion, is frequently applied during the clinical routine [1] . During mechanical loading, anabolic effects (regenerative, anti-inflammatory) are induced in fibrous and hyaline cartilage tissue and subchondral bone. These effects have been shown in fibrochondrocytes (meniscus cells), articular chondrocytes, and osteoblasts in previous studies [2] [3] [4] [5] [6] [7] . For example, tensile forces induced collagen type II (COL2A1) and SRY (sex determining region Y)-box 9 in fibrochondrocytes. Furthermore, tensile strain led to higher expression of COL2A1 and aggrecan (ACAN) in articular chondrocytes [5, 6] . Expression of bone morphogenetic proteins (BMPs) was up-regulated after application of continuous compressive forces on osteoblasts [7] . These findings taken together demonstrate the anabolic effect of biomechanical stimuli in both types of chondrocytes and osteoblasts. However, it has been shown that different types of mechanical loading, such as compression, tension, shear force and hydrostatic pressure, induced varying cell responses [8] [9] [10] [11] .
Biomechanical preconditioning of tissue-engineered cell/scaffold constructs has stimulated increasing interest in the context of optimizing implant properties. Among other things, cell proliferation can be improved significantly by biomechanical loading [12] [13] [14] [15] [16] . To what extent cell functions of different articular cells are affected by a defined biomechanical stimulus remains largely unknown. Nevertheless, this information is important with regard to functional tissue engineering.
Therefore, the aim of the present study was to examine the effect of a defined stimulus on three different articular cell types. Our investigation considered whether human fibrochondrocytes (meniscus), articular chondrocytes (hyaline cartilage) and osteoblasts (subchondral bone) respond differently to the same biomechanical stimulus in vitro. An in vitro cell-stretching system [17] was used to apply a defined mechanical stimulus on each of the three cell types. However, the greatest influence of tensile forces was observed in fibrochondrocytes.
Materials and methods
Articular surface tissue (5 mm-11 mm) was obtained from patients undergoing total knee replacement. The Ethics Committee of the Medical Faculty of the University of Regensburg gave permission for the study. Fibrochondrocytes, articular chondrocytes and osteoblasts were isolated from meniscus tissue, articular cartilage, and subchondral bone of three patients each (average age 66.39 years; 2/3 female,1/3 male).
Fibrochondrocytes
Meniscus tissue from the inner and middle part of the meniscus was used in the experiments. We ensured that the used meniscus parts were visually intact. Meniscus tissue was washed three times in phosphate buffered saline (PBS, PAA, Pasching, Austria) and minced into 1mm pieces. Subsequently, the minced meniscus tissue was incubated in Dulbecco's Modified Eagle Medium/ Nutrient Mixture F-12 (DMEM/F12, Sigma, St. Louis, MO, USA) containing 1% antibiotic/antimycotic solution (PAA) and collagenase II (PAA) overnight at 37°C. The obtained cell suspension was filtered with a 70 µm-cellstrainer (BD Bioscience, Heidelberg, Deutschland). Thereafter, cells were counted, and the obtained cells were cultured in tissue culture medium (TCM) containing DMEM/F12 (Sigma), 10% fetal calf serum (FCS, Sigma), and 1% antibiotic/antimycotic solution (PAA) at 37°C, 5% CO 2 , and 90% humidity.
Articular chondrocytes
Visually intact hyaline cartilage tissue was used for extraction of articular chondrocytes. Femur and tibia condyles with an intact cartilage surface were washed three times with PBS. Afterward, the cartilage tissue was removed with a scalpel and a curette. The digestion was carried out in accordance to the fibrochondrocytes protocol. The obtained cells were cultured in TCM at 37°C, 5% CO 2 , and 90% humidity.
Osteoblasts
Subchondral bone pieces were washed three times in PBS to remove blood cells. Next, cancellous bone chips were cut out of the subchondral bone pieces with a Luer rongeur and minced into one millimeter pieces. The cancellous bone chips were washed three times with PBS. Then the bone chips were incubated in DMEM (Sigma) containing antibiotic/antimycotic solution (PAA) and collagenase II (PAA) for 5 hours at 37°C. The obtained cell suspension was filtered, and the cells were then cultured in TCM containing 10% FCS (Sigma) and 1% antibiotic/antimycotic solution (PAA) at 37°C, 5% CO 2 , and 90% humidity. 
Cultivation on BioFlex® culture plates
Cells in passages 1 to 2 were used for all experiments. They were seeded on 6-well BioFlex® culture plates (Flexcell International Corporation, Hillsborough, NC, USA) with a well surface area of 9.62 cm 2 coated with collagen type I. Cells were cultivated on BioFlex® culture plates for 3 days in specific TCM. Thereafter, the FCS content was reduced to 1% for fibrochondrocyte/ articular chondrocyte culture or 5% for osteoblast culture 12 hours prior to the biomechanical stimulation.
Application of biomechanical tensile strain
BioFlex® culture plates were placed on the bottom part of a stretching device (Figure 1 A) , and with the upper part of the device, the silicone membranes were pressed down over a post (Figure 1 B/C) (17) . By stretching the silicone membranes, biomechanical stress was applied to the cells. Because of the stamp size, the defined applied stretch of the silicone membrane and the cells was 5% tensile strain. Cells were stretched continuously for 4 hours and 24 hours. Unstretched cells served as controls.
RNA extraction/cDNA synthesis
After completion of the load, regime cells were detaches from the Bioflex®-plates with Accutase (PAA) and placed into 200 µl lysis buffer (Absolutely RNA Kit Stratagene, Waldbronn, Germany). Further RNA isolation and DNase treatment was performed with the Microprep-Kit (Stratagene) according to the manufacture's protocol (Stratagene). The RNA quality was checked with the PicoDrop (Picodrop Limited, Saffron Walden, UK) at 260/280/320 nm every time. Following RNA isolation, 1 µg RNA was reverse transcribed into cDNA using Superscript II Transcriptase Kit (Invitrogen, Darmstadt, Germany).
Primer design
Specific primers (BMP2, BMP7, Vascular Endothelial Growth Factor (VEGF), COL1A1, COL2A1, SOX9, Osteocalcin (OCN), Osteopontin (OPN), Cyclooxygenase 2 (COX2) were designed with the Primer Express Software (Applied Biosystems, USA) and manufactured by MWG Biotech (Regensburg, Germany). All primer sequences are shown in Table 1 .
Cloning of PCR products for standard curves
Using the specific primers (Table 1) , an end-point PCR (HotStartTaq, QIAGEN) was carried out with 5 to 10 µL cDNA, and the products were ligated into PCR II Blunt-TOPO vektor (Zero Blunt® TOPO PCR Kloning-Kit, Invitrogen). After transformation, the plasmid DNA was isolated from positive cultures (Plasmid Mini Kit, Qiagen). Identification of inserts was investigated by restriction digest and sequencing. The creation of standard curves was carried out according to the Applied Biosystems protocol (calculating the number of copies with the size of the vector size, the insert, the DNA concentration, and the particle number).
Real-time PCR
Absolute quantitative real-time PCR (qPCR) was performed in triplicate with 50ng cDNA (RNA equivalent) and Brilliant SYBR Green qPCR MasterMix (Stratagene) using the PCR Cycler MX3005P (Stratagene). The PCR process was divided into the following cycles: 1x 15 min at 95°C; 40x 10 s at 95°C and 30 s at 60°C; 1x 1 min at 95°C, 30 at 55°C, and 30 s at 95°C. A plasmid standard curve with 1x10 2 to 3x106 copies of the specific target gene was performed in parallel. Analysis of each group was carried out in relation to the control group (100% in fibrochondrocytes and articular chondrocytes; 1 in osteoblasts).
Statistical analysis
Cells of three donors for every cell type were used, and all experiments were performed in triplicate. Mean and standard errors were calculated for each group (n=9). The statistical analysis was performed with SPSS 18 (SPSS Inc., Chicago, USA) using the paired t-test. p-values less than 0.05 were considered significant. 
Results

Cell morphology
To receive 80% confluency of each cell type following three days of culture on the BioFlex®-plates, 80,000 fibrochondrocytes, 200,000 articular chondrocytes and 100,000 osteoblasts were initially seeded. Different cell morphologies of cells grown on BioFlex®-plates for three days are illustrated in Figure 2 (fibrochondrocytes A, articular chondrocytes B, osteoblasts C).
Effect of biomechanical stimulation on fibrochondrocyte gene expression
Continuous biomechanical stimulation of fibrochondrocytes resulted in significant up-regulation of BMP2 gene expression after 4 hours (Figure 3 A) . In contrast, no significant regulatory effect on BMP2 gene expression was observed after 24 hours of biomechanical stimulation (Figure 3 B) . Biomechanical loading over 4 and 24 hours led to a significant inhibition of constitutive VEGF gene expression. COL1A1 gene expression was significantly up-regulated following continuous stretching at both time points investigated. Biomechanical stimulation had no significant effect on the COL2A1 gene expression after 4 and 24 hours treatment. Significant induction of SOX9 gene expression was shown after 4 hours and 24 hours of biomechanical loading.
Effect of biomechanical stimulation on articular chondrocyte gene expression
Biomechanical forces had no significant influence on BMP2 and COL2A1 gene expression in articular chondrocytes after 4 hours and 24 hours (Figure 4 A,B) . In contrast, 4 hours of biomechanical stimulation led to significant VEGF gene induction. After 24 hours, no significant effect on VEGF gene expression was detectable. Similar to this observation in fibrochondrocytes, SOX9 gene expression was significantly up-regulated following application of loading for 4 hours. In contrast to fibrochondrocytes, no significant stimulative effect was analyzed after 24 hours. Overall, the anabolic effect was less as compared with results in fibrochondrocytes.
Effect of biomechanical stimulation on osteoblast gene expression
Application of a biomechanical tensile strain on osteoblasts led to an increased (but not significant) gene expression of BMP2 after 4 hours (Figure 5 A) ; however, no effect was detected after 24 hours (Figure 5 B) . Also, the BMP7 and OCN gene expression was not influenced significantly by biomechanical stimulation over 4 hours and 24 hours. OPN gene expression was up-regulated by continuous strain over 4 hours and 24 hours but without achieving statistical significance. Expression of COL1A1 was significant induced following biomechanical treatment for 4 hours, while a biomechanical load for 24 hours caused no significant regulation of COL1A1. By application of biomechanical load for 4 hours COX2 gene expression was induced, whereas no stimulatory effect was observed after 24 hours of biomechanical stimulation.
Discussion
In this in vitro study, we examined the influence of biomechanical tensile strain on the regulation of selected target genes in fibrochondrocytes, articular chondrocytes, and osteoblasts. Articular cells were used in this study because of their important role in orthopaedic tissue engineering. It is well known that chondrocytes dedifferentiate in monolayer culture and if they are passaged in culture [18] [19] [20] . To prevent the cells of extensive dedifferentiation, early passages were used. In mechanobiological studies, different culture systems and mechanical forces are used for cellular stimulation. Compressive forces, tensile strain, hydrostatic pressure, and shear forces are frequently used as biomechanical stimuli [21] [22] [23] [24] . A well-established device for application of tensile strain was used in our study [17] . With this system, a defined mechanical stimulus can be applied to the cells. Furthermore, a quick and clean extraction of cell lysates immediately after mechanical stimulation is possible. However, the monolayer culture of this method, which is less physiological as compared with a 3D culture system, is a limitation of the study.
In different studies, an effect of biomechanical stimulation was observed after 4 hours in different cell types [17, [25] [26] [27] . Therefore, this time point was chosen as an early time point to analyze the cell reaction after application of tensile strain. To compare the results with the effect of "long-term" application, a second time point was selected. Loading for 24 hours, which is also a common used time frame, was chosen as second time point [17, 28, 29] .
The regulatory effects of biomechanical loading were detected in all analyzed cell types, with the greatest impact being on fibrochondrocytes. BMPs are growth factors that play a crucial role during chondrogenesis and osteogenesis [30] . In this regard, a proliferative effect of BMP2 on fibrochondrocytes was shown [31] . Furthermore, it is known that compressive forces induce BMP2 and BMP7 expression in osteoblastic cells [32] . In terms of BMP2, these findings were in accordance with our observations, whereas a stimulatory effect of biomechanical loading on BMP7 expression was not observed in our study. The reason for this difference is probably the application of different mechanical stimuli, because in the other study cited above, continuous compression was applied to the cells.
Collagen type I is present in fibrous cartilage tissue and bone, where it has an important function as structural protein. In an earlier study, tensile strain was applied on osteoblastic cells. After application of this mechanical stimulus, COL1A1 expression was upregulated after 48 hours [33] . Interestingly, induction of COL1A1 was observed in our study in osteoblasts after 4 hours of biomechanical loading, thereby showing an earlier time point. The reason for this difference could be the different cell sources used in these studies. Regulation of COL2A1, the main collagen of hyaline cartilage, was observed neither in articular chondrocytes nor in fibrochondrocytes. However, in contrast to our study, Huang et al. [6] detected regulation of CO-L2A1 in articular chondrocytes following biomechanical loading for 3 hours.
VEGF is expressed in fibrochondrocytes and articular chondrocytes, and it is known that VEGF expression is induced in osteoarthritic cells [34, 35] . In accordance with our findings, VEGF expression was up-regulated following mechanical stimulation in articular chondrocytes [36] . Thus, it must be considered that articular cartilage from osteoarthritic knee joints was used. The inhibition of VEGF in fibrochondrocytes showed an opposing effect. Nevertheless, meniscus tissue was used from its middle and inner part, thereby representing the less-vascularized meniscus sections. No effect of VEGF on meniscal healing was observed by Kopf et al. [37] .
SOX9 is an essential transcription factor during chondrogenesis [38] . Up-regulation of SOX9 following biomechanical loading represents the chondrogenic effect of these stimuli. In agreement with our observations, SOX9 was up-regulated by tensile forces in an earlier study [39] . The data related to VEGF and SOX9 gene expression showed that both anabolic and catabolic effects were exerted on articular chondrocytes by biomechanical stress. Huang et al. [6] have also described anabolic and catabolic effects after application of tensile strain in articular chondrocytes.
Biomechanical forces applied to osteoblasts did not affect the gene expression of osteogenic markers such as OCN and OPN. However, a different effect was shown in 3D cultures after dynamic compression [40] . Possible reasons for the differences are the culture system and the way that the mechical stimuli were applied. The influence of COX2 on osteoblast proliferation has been described in the literature [41] . COX2 was not regulated by biomechanical tensile strain in the present study. The cause of the lack of gene regulation after biomechanical stimulation in osteoblasts could be the differentiation point of the osteoblastic cells. Weyts et al. described an attenuated cell response of differentiated, matured osteoblasts, which were used in our study [42] . The use of chondrogenic and osteogenic precursor cells must be taken into consideration for biomechanical studies, since less influence of biomechanical stimulation on these cells was apparent.
Conclusion
In summary, a clear difference in the effect of biomechanical loading on gene expression was detected in all three cell types studied. The largest effect was observed on fibrochondrocytes. Biomechanical loading led to regulation of four out of five analyzed genes following both the 4 hour and the 24 hour treatment. This underscores the regulatory effect of biomechanical forces on this cell type. Furthermore, anabolic genes (BMP2, COL1A1, SOX9) were up-regulated, and VEGF, which is induced in osteoarthritic cells, was down-regulated. These facts demonstrate the potential of biomechanical precondition of this cell type during tissue-engineering approaches.
